The perturbative QCD predictions for the rare decay B 0 s → a 0 (980)a 0 (980)
In this work, we calculate the branching ratios and CP violations of the B 0 s → a0(980)a0(980) decay modes with both charged and neutral a0(980) mesons for the first time in the pQCD approach. Considering the recent observation of the BESIII collaboration that report a direct evidence of the quark-antiquark structure about the scalar meson a0(980), we regard a0(980) as theuark component in our present work, and then make predictions of this decay model. The branching ratios of our calculations are B(B −0.92 ) × 10 −6 . We also calculate the CP violation parameters of B 0 s → a0(980)a0(980) decay modes. The relatively large branching ratios make it easily to be tested by the running LHC-b experiments, and it can help us to understand both the inner properties and the QCD behavior of the scalar meson.
I. INTRODUCTION
It is well-known that, the rare decays, which only have pure annihilation contributions in Standard Model(SM) due to the totally different quark components between the initial and final state mesons, can provide rich information of CP violations and signals of possible new physics beyond the SM. The QCD factorization approach [1, 2] , where the non-factorizable spectator scattering contributions and the annihilation contributions are adjustable parameters, which make the prediction unreliable. However, in the perturbative QCD(pQCD) approach [3] [4] [5] , many rare decay modes can been studied [6] [7] [8] [9] , where the theoretical results were coincident well with the experimental data and it proved that the successful application of pQCD approach to mesons rare decays. Since the first scalar meson f 0 (980) was observed by the Belle collaboration in the charged decay mode [10] , and afterwards confirmed by BaBar [11] , a lot of other scalar mesons have been discovered in the experiment successively, many researches have been done about light scalar mesons [12] [13] [14] [15] [16] [17] [18] [19] . However, as far as we know, there are very few works about the B → SS decays(S denote the scalar mesons) to be studied in these general factorization approaches, besides the B → a 0 a 0 [13] and B s(u/d) → K * 0 (1430)K * 0 (1430) [20] . For a long time, the scalar mesons, especially for the a 0 (980) and f 0 (980), which are important for understanding the chiral symmetry and confinement in the low-energy region, are one of the key problems in the nonperturbative QCD [21] . However, the inner structure of scalar mesons is still a contradiction in both the theoretical and experimental side, and many works have been done about the scalar meson in order to solve this problem. In Ref. [21] , the authors list many evidences that sustain the four-quark model of the light scalar mesons based on a series of experimental data. In Ref. [22] , the predicted result of B → a 0 (980)K is 2 times difference from the experimental result, and the author conclude that a 0 (980) cannot be interpreted as qq. In Ref. [23] , the authors showed that the production of the S * and δ and of low-mass KK pairs have properties of the KK molecules. Moreover, the scalar meson are identified as the quark-antiquark gluon hybrid. Nevertheless, these interpretations of the scalar mesons make theoretical calculations difficult, apart from the ordinarymodel.
In theoretical side, there are two interpretations about light scalar mesons below 2 GeV in Review of Particle Physics [24] , the scalars below 1 GeV, including f 0 (500), K * (700), f 0 (980) and a 0 (980) , form a SU (3) flavor nonet, and f 0 (1370), a 0 (1450), K * (1430) and f 0 (1500) (or f 0 (1700)) that above 1 GeV form another SU (3) flavor nonet. In order to describe the structure of these light scalar mesons , the authors of Ref. [17] presented two Scenarios to clarify the scalar mesons (here, we only focus on the flavor wave function of the a 0 (980) meson, which are given in Ref. [25] ):
(1) Scenario 1, the light scalar mesons, which involved in the first SU (3) flavor nonet, are usually regarded as the lowest-lyingstates, and the other nonet as the relevant first excited states. In the ordinary diquark model, the quark components of a 0 (980) are
(2) Scenario 2, the scalar mesons in the second nonet are regarded as the ground states(qq), and the mass between 2.0 ∼ 2.3 GeV is first excited states. This Scenario indicate that the scalars below or near 1 GeV are four-quark bound states, while other scalars consist ofin Scenario 1. So the quark components of a 0 (980) are
Recently, BES III collaboration declare that the flavor wave function of a ± 0 (980) and a 0 0 (980) are two-quark component through the decays
+ ν (and the charge conjugated ones), the decay modes are direct probe of the quark components of a ± 0 (980) and a 0 0 (980) [26] . And in Ref. [27] , BES III declare the a But in this work, we will let the mixing effect aside and want to make comprehensive research in the future work.
In this present work, motivated by the uncertain inner structure of the a 0 (980), we explore the branching ratios and CPviolating asymmetries of rare decay modeB 0 s → a 0 (980)a 0 (980) 1 in perturbative QCD approach within the traditional twoquark model for the first time. Because the LHC-b collaboration are collecting more and more B mesons decays data, so we believe that our results can be testified by the experiment in the near future time.
This article is organized roughly in this order: in Section II, we give a theoretical framework of the pQCD, list the wave functions that we need in the calculations, and also the perturbative calculations; in Section III, we make numerical calculations and some discussions for the results that we get; and at last, we summary our work in the final Section.
II. THE THEORETICAL FRAMEWORK AND PERTURBATIVE CALCULATION
The pQCD approach have been widely applied to calculate the hadronic matrix elements in the B mesons decay modes, it is based on the k T factorization. The divergence of the end-point singularity can be safely avoided by preserving the transverse momenta k T in the valence quark, and the only input parameters are the wave functions of the involved mesons in this method. Then the transition form factors and the different contributions, whose may contain the spectator and annihilation diagrams, are all calculated in this framework.
A. Wave Functions and Distribution Amplitudes
In kinematics aspects, we adopt the light-cone coordinate system in our calculation. Assuming the B 0 s meson to be rest in the system, we can describe the momenta of the mesons in light-cone coordinate system, where the momenta are expressed in the form of (p
and p T = (p 1 , p 2 ). In our calculation, the wave function of the hadron B 0 s can be found in Refs. [28] [29] [30] 
where the distribution amplitude(DA) φ Bs (
s meson is written as mostly used form, which is
the normalization factor N B = 62.8021 can be calculated by the normalization relation
is the color number and decay constant f Bs = 227.2 ± 3.4 MeV. Here, we choose shape parameter ω Bs = 0.50 ± 0.05 GeV [9] .
For the scalar meson a 0 (980), the wave function can be read as [17, 31] :
where x denotes the momentum fraction of the meson, and n = (1, 0, 0 T ), v = (0, 1, 0 T ) are light-like dimensionless vectors.
1 a 0 (980) will abbreviated as a 0 in the last part.
The φ a0 is leading-twist distribution amplitude, the explicit form of which is expanded by the Gegenbauer polynomials [17, 31] :
and the twist-3 DAs φ S a0 and φ T a0 are adopted the asymptotic forms in our predictive calculation ,
where f a0 andf a0 are the vector and scalar decay constants of the a 0 meson respectively, B m is Gegenbauer moment and C 3/2 m (2x − 1) in DA of φ a0 is Gegenbauer polynomials, these parameters are scale-dependent. A lot of calculations have been carried out about the light scalar mesons in various model [32] [33] [34] . In this article, we adopt the value for decay constants and Gegenbauer moments in the DAs of the a 0 as listed follow, which were calculated in QCD sum rules at the scale µ = 1 GeV [17] :
It's noticeable that only the odd Gegenbauer moments are taken into account due to the conservation of vector current or charge conjugation invariance. And we also pay attention to only the Gegenbauer moments B 1 and B 3 because the higher order Gegenbauer moments make tiny contributions and can be ignored safely. And the Gegenbauer polynomials are
The vector and scalar decay constants satisfy the relationship
with
and m a0 is the mass of the scalar meson a 0 and m d and m u are the running current quark masses in the a 0 meson. From the above relationship, it is clear to see that the vector decay constant is proportional to the mass difference between the d and u quark, the mass difference is so small after considering the SU (3) symmetry breaking that would heavily suppress the vector decay constant, which lead to the vector decay constants of the scalar mesons are very small and can be negligible. Likewise, for the same reason that only the odd Gegenbauer momentums are considered, the neutral scalar mesons can not be produced by the vector current, so in this work we adopt the vector constant f a0 = 0. And the normalization relationship of the twist-2 and twist-3 DAs are
B. Perturbative Calculations
ForB 0 s → a 0 a 0 decay mode, the relevant weak effective Hamiltonian can be written as [35] 
where
is local four-quark operator, which will be listed as follows, and C i (µ) is corresponding Wilson coefficient.
(1) Current-Current Operators (Tree):
(2) QCD Penguin Operators:
(3) Electroweak Penguin Operators:
with the color indices α, β and (qq) V ±A =qγ µ (1 ± γ 5 )q. The q denotes the u quark and d quark, and e q is corresponding charge.B 0 
with the B 0 s mass m Bs and the mass ratio r a0 = ma 0 mB s . And the corresponding light quark's momenta in each meson read as
Then based on the pQCD approach, we can write the decay amplitude as
where b i is the conjugate momenta of k i , and t is the largest energy scale in hard function H(x i , b i , t). The e −S(t) suppress the soft dynamics [36] and make a reliable perturbative calculation of the hard function H, which come from higher order radiative corrections to wave functions and hard amplitudes. Φ M represent universal and channel independent wave function, which describes the hadronization of mesons. As depicted in Fig. 1 , we calculate the factorizable and non-factorizable annihilation diagrams respectively. We use F and M denote the factorizable and non-factorizable annihilation contributions respectively, and the subscript a (c) denote the contributions of the Feynman diagrams Fig. 1(a) and (b) (Fig. 1(c) and (d) ) and the superscript LL, LR, SP is the (V − A)(V − A), (V − A)(V + A) and (S − P )(S + P ) vertex, respectively. The vertex (S − P )(S + P ) is the Fierz transformation of the (V − A)(V + A).
First, the total contribution of the Feynman diagrams Fig. 1 (a) and (b), which only involve the wave function of the final light scalar mesons, are
the evolution function E af (t i ) is defined by
where the largest energy scales t i (i = a, b) to eliminate the large logarithmic radiative corrections are chosen as:
(2) (V − A)(V + A)
Then the total non-factorizable annihilation decay amplitudes for the Fig. 1 (c) and
(4) (S − P )(S + P )
with the color factor C F = 
with the hard scales
The hard scattering kernels function h i (i = a, b, c, d) involved in the above expression are written as:
where J 0 is the Bessel function and K 0 , I 0 are modified Bessel function with H
0 (x) = J 0 (x) + iY 0 (x). The S Bs (x 1 ), S a0 (x i ) used in the decay amplitudes are defined as:
wherex i = 1 − x i and γ q = −α s /π is the anomalous dimension of the quark, and the Sudakov factor s(Q, b) are resulting from the resummation of double logarithms and can be found in Ref. [37] ,
where γ E and n f are Euler constant and the active flavor number, respectively. The threshold resummation factor S t (x) have been parameterized in [38] , which is:
with the fitted parameter c = 0.3. By adding the above contributions from the all of the Feynman diagrams in Fig. 1 , the decay amplitude of the decayB
and the corresponding decay width is
Here, it is noticeable that the contribution from the factorizable annihilation diagrams is very small and can be safely neglected due to the isospin symmetry.
Meanwhile, the decay amplitude forB 
and the decay width is
.
III. NUMERICAL RESULTS AND DISCUSSIONS
In this section, we will calculate the CP-averaged branching ratios and CP-violation asymmetries for theB 0 s → a 0 a 0 decays and make some analyses about the results. First, we list the input parameters used in the calculations below. The masses and decay constant of the mesons, the lifetimes of the B s are [24] , 
A. Branching Ratios
In SM, the γ angle is associated with the CKM matrix element V ub , which have the relationship V ub ≃ |V ub |e −iγ . So we can leave the the CKM phase angle γ as a unknown parameter, and write the decay amplitude of theB 0 s → a 0 a 0 decay, which is based on the Eq. (37),Ā
where the ratio z = |V tb V * ts /V ub V * us | · |P/T |, and δ is the relative strong phase between the tree amplitudes(T ) and penguin amplitudes(P ). The value of z and δ can be calculated from the pQCD.
Meanwhile, the decay amplitude of the conjugated decay mode B 0 s → a 0 a 0 can be written by replacing V ub V * us with V * ub V us and V tb V * ts with V * tb V ts as
Then from the Eq. (43) and (44), the CP-averaged decay width ofB
In Fig. 2 , we plot the average branching ratio of the decayB 
we get from Fig. 2 when we take γ as 70
2.54 × 10
The value of z = 6.67 indicate that the amplitude of the penguin diagrams is almost 6.67 times of that of tree diagrams. Therefore the main contribution come from the penguin diagrams in this decays, which enhance the results of the branching ratios. When we utilize the input parameters and decay amplitudes and leave the phase angle γ asides, it is easy to get the CP-average branching ratios for both containing the charged and neutral scalar mesons decay modes, which are 
In pQCD approach, the wave function of the initial and final mesons, whose are universal and channel independent, are the dominant inputs and will make an important influence on the numerical results. As it has been shown above, the primary errors come from the uncertainties of Gegenbauer moments B 1 = −0.93 ± 0.10 and B 3 = 0.14 ± 0.08, the scalar decay constant f a0 = 0.365 ± 0.020GeV, the shape parameter ω b = 0.50 ± 0.05 and the hard scale t i , respectively. The hard scale t i varies from 0.8t ∼ 1.2t (not changing 1/b i , i = 1, 2, 3), which characterizes the size of the next-leading-order contribution. The errors from the other uncertainties, such as the mass of the m a0 and CKM matrix elements, turn out to be small and can be neglected. It is apparent that the main errors are mainly caused by the non-perturbative input parameters, which we need more precise experimental data to determine. By adding all of these vital uncertainties in quadrature, we get B(B 
By comparison, we can first find that the main underlying reason is that the QCD dynamics of the scalar meson a 0 is different from that of the pseudoscalar meson π and K, where at the leading twist the scalar meson a 0 is dominated by the odd Gegenbauer polynomials but the pseudoscalar mesons both π and K are governed by the even Gegenbauer polynomials. Second the decay constantf a0 is about two times than the decay constants of the f π and f K [6, 41] . These two reasons lead to the non-factorizable annihilation contribution is more large in theB 0 s → a 0 a 0 mode. In Tab. I, we list the decay amplitudes of theB 0 s → a 0 a 0 for different distribution amplitudes of twist-2 or twist-3, and also we list the results of Ref. [6] about the decay mode B 0 → K + K − for contrast. From Tab. I, it is obvious that the twist-2 DA make dominant contribution, and the decay amplitudes of theB 0 s → a 0 a 0 decay is approximately one order of the magnitude larger than that of the B 0 → K + K − . Furthermore, in order to reduce the uncertainties from the input non-perturbative parameters, such as the decay constant and the Gegenbauer moments on the theoretical side, we can define the ratio of the branching ratios of this two decay modes. From the numerical results of the considered decays, we get the ratio is
The value 2.0 is mainly ascribed to the relationship between the two decay amplitudes that √ 2A(B ) is understandable and acceptable. Once the predicted results of this decay mode is confirmed by the collaborations, we will get more information about scalar mesons's structure and its QCD behavior as well.
B. CP Violation Parameters
Now, we will calculate the CP violation parameters of theB 
where ∆m is the mass difference between the two neutral B 
It is obvious that the A dir CP is approximately proportional to CKM angle sin(γ), strong phase sin(δ), and the relative size z between the penguin contribution and tree contribution. We plot the direct CP violation parameter A dir CP as the function of the weak angle γ in Fig. 3 , and one can see that the A dir CP is approximately −11.4% at the peak when the γ is 70
• < γ < 80
• . The relative small direct CP asymmetry is also a result of the main contributions coming from penguin diagrams in this decays.
The involved mixing-induced CP violation parameter A mix CP can be written as 
in which η CP is the CP-eigenvalue of the final state. If z is a very small number, i. e., the penguin diagram contribution is suppressed comparing with the tree diagram contribution, the mixing induced CP asymmetry parameter A mix CP is proportional to sin 2γ, which will be a good place for the CKM angle γ measurement. However as we have already mentioned, z(=6.67) is large. We give the mixing CP asymmetry in Fig. 4 , one can see that A mix CP is not a simple sin 2γ behavior because of the so-called penguin pollution. It is close to 25.9% when the angle γ is constrained as γ around 73.5
• .At present, there are no CP asymmetry measurements in experiment but the possible large CP violation we predict forB 
IV. SUMMARY
In this paper, we make predictions of the rare decayB −0.92 ) × 10 −6 , and there is also large CP violation in the decay model, which can be tested by the running LHC-b experiments in the near future, and, of course, helping us to get better understanding of the QCD behavior of the scalar mesons.
